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Introduction

Currently, almost five million Americans and 23 million peo-
ple worldwide are living with congestive heart failure (CHF), 
with two million new cases diagnosed each year. The etiology is 
mostly ischemic, idiopathic or viral, and more than $36 billion 
is spent each year on the care of congestive heart failure patients.

Treatment of advanced CHF takes three forms: medical ther-
apy, surgical therapy and cardiac replacement. Medical therapy, 
including inotropes and vasodilators, relieves symptoms by reduc-
ing cardiac work and increasing myocardial contractility. This 
has helped improve quality of life, but mortality remains unaf-
fected. Surgical therapy, including revascularization, ventricular 
restoration and valve replacement/repair, relieves symptoms and 
improves function, but in most cases does not stop the underlying 
disease process from progressing. When conventional medical or 
surgical therapies are exhausted, cardiac assist or replacement 
including a ventricular assist device (VAD), heart transplant or 
a total artificial heart (TAH) may become the only therapeutic 
options. This article will not discuss the use of extracorporeal 
membrane oxygenation for cardiac support that is described in 
an additional article in this issue of Organogenesis.

Background

The impetus for Dr. John Gibbon to develop a heart-lung machine 
was due to his witnessing of a patient’s death due to pulmonary 
embolism and failed pulmonary embolectomy in 1930. By 1939, 
Gibbon reported the survival of cats in experiments that involved 
gradual occlusion of the pulmonary artery while gas exchange 
and perfusion were taken over by a rotating cylinder film oxygen-
ator. In the late 1940s and early 1950s, Gibbon received engineer-
ing help from the IBM Corporation to develop a larger capacity 
oxygenator, and in May 1953, Dr. Gibbon used the Gibbon-IBM 
heart-lung machine successfully during the closure of an atrial 
septal defect in an 18 year-old girl. However, high mortality in 
the first few cases led Gibbon to abandon the use of his heart-lung 
machine. After these unsuccessful efforts, C. Walton Lillehei and 
his colleagues at the University of Minnesota began working in 
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the laboratory with controlled cross-circulation, and in April 
1954, they began a series of operations for congenital heart dis-
ease using “controlled cross-circulation” with the mother or father 
as the oxygenator. However, because of the controversy created 
by Lillehei’s procedure, researchers continued efforts to develop 
a machine that would allow open-heart surgery. By 1955, Dr. 
John Kirklin at the Mayo Clinic had refined the Mayo-Gibbon 
machine and the heart-lung bypass techniques that allowed 
open-heart surgery; likewise, DeWall and Lillehei had developed 
their machine that also allowed for safe open-heart operations.1 
By 1960, Kirklin and Lillehei in Minneapolis and DeBakey and 
Cooley in Houston had improved their machines and techniques 
to the point where open heart surgery was becoming “routine” in 
Minnesota and Texas.

Because of the growing use of cardiopulmonary bypass (CPB) 
and the increase in open heart surgery, the need arose to develop 
means of supporting patients with postcardiotomy shock. The 
intraaortic balloon pump was the first mechanical cardiac assist 
device and is now the most widely used. The selection of post- 
CPB support devices has been expanded to include a variety of 
ventricular assist devices (VAD) to serve as a “bridge to trans-
plantation” or in lieu of transplantation for those who are candi-
dates for destination therapy. The development of an implantable 
“artificial heart” is one of the ultimate goals of research in this 
field and is discussed in a later section.

History and Overview

In 1963, DeBakey implanted the first ventricular assist device in 
a patient suffering a cardiac arrest following aortic valve replace-
ment. The patient subsequently died on post-op day 4. In 1966, 
DeBakey and Liotta implanted the paracorporeal Liotta-DeBakey 
LVAD (MicroMed, Houston, TX) in a patient suffering from 
postcardiotomy shock. The patient was supported for 10 days 
and ultimately survived to discharge.2 Soon thereafter, Cooley 
reported the first successful bridge to transplantation using a 
pneumatically driven, implantable artificial heart.3 Although 
total artificial heart (TAH) research predates VAD research, the 
latter developed and advanced more quickly. Clinically, the VAD 
was first intended to perform temporarily until either the heart 
function recovered or a donor heart became available for trans-
plantation. Intensive research led to the first clinically usable sys-
tems in the late 1980s and culminated in FDA approval of a left 
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types: counterpulsation pumps, centrifugal pumps, volume-dis-
placement pumps and axial-flow pumps.

Kantrowitz and colleagues reported the first clinical applica-
tion of an intra-aortic balloon pump (IABP) in 1968 for the treat-
ment of postinfarction cardiogenic shock.10 Counterpulsation, 
which is synchronized to either ECG or arterial waveforms, pro-
vides balloon inflation within the descending thoracic aorta dur-
ing diastole, with deflation at the onset of systole. The result is 
a reduction in myocardial work through afterload reduction and 
improvement in myocardial oxygen supply through augmenta-
tion of diastolic blood pressure and coronary perfusion.11

Centrifugal pumps have traditionally been used as short-term 
support as a means to provide either intraoperative cardiopulmo-
nary bypass or either right, left or biventricular mechanical cir-
culatory support. These pumps generate a vortex either through 
impellers (SarnsTM centrifugal pump, 3M, Ann Arbor, MI and 
the St. Jude Lifestream centrifugal pump St. Jude Medical, 
Chelmsford, MA) or through nested cones (Bio-Medicus Bio-
Pump®, Medtronic Bio-Medicus, Inc., Eden Prairie, MN) to 
drive nonpulsatile blood flow through a circuit. Blood is drawn in 
through the apex of the cone by the vortex and expelled through 
a port that is oriented tangential to the housing.12 Unlike positive 
displacement pumps, these pumps will not generate high forward 
drive pressure in the face of occlusion and are less prone to pump 
air, because air in the pump leads to a loss of suction at the vor-
tex. They are widely available, easy to use and relatively low cost. 
However, they require systemic anticoagulation, are not durable 
long-term and tend to create high levels of hemolysis.

Volume-displacement (positive-displacement) pumps consist 
of a chamber or sac that fills and empties cyclically. An external 
driveline provides electrical power to a motor within the device. 
The motor drives a pusher plate up and down repeatedly, expand-
ing and compressing the volume-displacement chamber. Inflow 
and outflow valves maintain the direction of blood flow. These 
pumps produce a pulsatile flow and mimic the pumping action 
of the heart. They tend to generate noise during their filling and 
emptying cycles.

Axial flow (rotary) pumps contain a rotating impeller with 
helical blades that curve around a central shaft. An external 
driveline provides electrical power to a motor that drives the rota-
tion of the impeller by electromagnetic induction. The spinning 
impeller draws blood from the inflow cannula to the outflow can-
nula, and blood flow is essentially non-pulsatile. These pumps 
are typically quiet and use less power than the pulsatile devices. 
Due to a decreased number of moving parts and contact bear-
ings, they offer the distinct advantage of enhanced durability.

In the current era, continuous-flow blood pumps (centrifu-
gal pumps and axial flow pumps) represent a significant advance 
in mechanical circulatory support, particularly due to the 
enhanced mechanical longevity when compared with pulsatile 
systems. Questions remain as to the long-term physiological effect 
of continuous non-pulsatile blood flow. Despite this theoretical 
concern, clinical experience to date has been encouraging,3,16-21 
and recent evidence suggests that normal end-organ function can 
be maintained with continuous non-pulsatile blood flow with no 
adverse effects or increased morbidity or mortality.22,23

ventricular assist device (LVAD) as a bridge to transplantation in 
1994, with two more devices receiving approval in 1998.

Patients considered for mechanical circulatory support are 
those who can no longer sustain adequate systemic oxygen deliv-
ery to maintain normal end-organ function despite maximal 
medical therapy. The current criteria for VAD implantation is 
NYHA class IV heart failure with failing hemodynamics, per-
sistent pulmonary edema, neurologic or renal failure due to low 
perfusion, fluid and electrolyte imbalance related to low cardiac 
output and severe arrhythmias despite medical therapy.4 Patients 
in chronic decompensated heart failure generally fall into two 
categories: those who are eligible for cardiac transplantation and 
those who are not. Mechanical circulatory support can therefore 
be instituted as either a bridge to transplantation or destination 
therapy. Patients who are listed for transplant with a long antici-
pated waiting time due to limited donor availability, blood type, 
patient size or immunologic sensitization (with the need for pro-
spective cross-matching) may benefit from elective LVAD place-
ment to maintain or restore normal end-organ function. The 
normalization of hemodynamics and end-organ function with 
mechanical support in pre-transplant patients has been shown to 
significantly decrease post-transplant mortality rates.5-7

In 2001, the Randomized Evaluation of Mechanical Assistance 
for the Treatment of Congestive Heart Failure (REMATCH) 
study group evaluated patients with congestive heart failure 
who were ineligible for transplant. Patients were randomized to 
receive either optimal medical therapy or LVAD insertion. The 
study showed survival at 2 years for 23% for those implanted 
with an LVAD, compared with 8% for those receiving medical 
therapy alone.8 The results of this study validated the feasibility 
of using mechanical support as an approach to the treatment of 
end-stage heart failure.

The operative risk of device implantation must be weighed 
against the potential lifestyle and survival benefit of mechanical 
support. The revised Columbia screening scale published in 2003 
offers a method of stratifying the risk for LVAD therapy based on 
several clinical factors: mechanical ventilation, postcardiotomy, 
prior LVAD insertion, CVp >16 mmHg and prothrombin time 
>16 seconds.9 Each factor is given a weight with a cumulative score 
of >5, predicting an operative mortality of 46%, versus a mortal-
ity rate of 12%, for a score <5. The timing of intervention is also 
an important determinant of clinical outcomes. Optimization 
of the patient’s clinical status is important but should not delay 
institution of support in critically ill patients with severe ventric-
ular failure and ongoing end-organ malperfusion. VAD implan-
tation is contraindicated in patients with irreversible end-organ 
damage, particularly renal, hepatic or respiratory failure, as these 
patients have consistently demonstrated poor clinical outcomes. 
Severe and unrecoverable neurologic injury also represents a con-
traindication to device implantation.

Types of Circulatory Support Devices

Several modalities exist for providing mechanical circulatory 
support. Although each device has its own unique characteristics, 
most of the available pumps can be classified into the following 
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Short-Term Support Devices

Short-term support devices have the advantage of relative ease 
of implementation and provide either a bridge to recovery or a 
bridge to a more long-term ventricular support device. They are 
used primarily in clinical situations requiring support for several 
hours, days or up to two weeks.

IABP counterpulsation is used today in a variety of clinical 
settings, including cardiogenic shock associated with myocardial 
infarction, postcardiotomy shock, mechanical complications of 
infarction, such as acute mitral regurgitation and VSD, postin-
farction angina and for the treatment of refractory ventricular 
arrhythmias in the setting of ongoing ischemia. IABP has also 
been used preoperatively as an adjunct to high-risk percutane-
ous interventions or coronary artery bypass grafting. Current 
models include Autocat 2 WAVE® (Arrow, Reading, PA) and the 
Datascope C5100® (Maquet, Mahwah, NJ).

Bio-Medicus, St. Judes and Sarns are three of the most com-
monly used centrifugal pumps (Fig. 1). These pumps utilize a 
spindle/bearing design to directly turn the spinning rotor. This 
“direct drive” method has been implicated in the high incidence 
of hemolysis and thrombus formation. A new generation of cen-
trifugal pumps are now available that eliminate the central drive 
shaft/bearing. Each of these new generation pumps can generate 
in excess of 9 L/min of blood flow with very low priming vol-
umes. Two of the most common examples of these pumps are 
the Jostra Rotaflow® (Maquet, Wayne, NJ) and the CentriMag® 
(Levitronix, Waltham, MA). The Rotaflow® (32 ml prime) is 
magnetically stabilized on a mono-pivot with a sapphire bearing. 
The Centrimag utilizes a magnetically levitated impeller to avoid 
the central drive shaft. Currently there are two sizes available, 
adult (32 ml prime) and pediatric (14 ml prime), which can be 
utilized with the same pump console, depending on the patient 
size. Early clinical experience has shown these newer generation 
pumps to be more durable and less prone to thrombus and hemo-
lysis generation.

The TandemHeartTM (CardiacAssist Inc., Pittsburgh, PA) 
percutaneous VAD uses a centrifugal pump that pumps blood 
from the left atrium to one or both femoral arteries (Fig. 2). A 
transseptal cannula allows direct unloading of the left heart at 
blood flow rates sufficient to support patients until cardiac recov-
ery occurs or until a long-term device can be implanted.13

Abiomed BVS 5000i (Abiomed Inc., Danvers, MA) is an 
FDA-approved device for acute postcardiotomy failure (Fig. 3). It 
is a dual-chambered, pneumatically driven extracorporeal pump 
designed for short-term cardiac support. Blood is drained into 
the upper atrial chamber under gravity, then the lower ventricle 
is ejected, according to the filling conditions, with pneumatically 
driven ejection. The device is capable of generating pulsatile flow 
of up to 6 L/min. The ease of implantation, operation, weaning, 
cost effectiveness and widespread availability have made it one of 
the most commonly used devices in the setting of acute cardiac 
failure. Disadvantages include the need for systemic anticoagula-
tion and very limited patient mobility during support.

The Impella Recover device (Impella CardioSystems AG, 
Aachen, Germany) is a miniaturized, catheter-based axial flow 

Figure 1.  Three commonly used first generation centrifugal pumps 
(Ann Thorac Surg 1999; 68:666-71; Figs. 1, 2 and 3).
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and textured polyurethane internal surfaces, which encourage 
the deposition of circulating cellular elements and the formation 
of a pseudointima. This allows the device to have a relatively low 
incidence of thromboembolic events without the need for sys-
temic anticoagulation with warfarin.24 The FDA has approved 
the HeartMate XVE LVAD as a bridge to transplantation, and it 
was the first device approved for destination therapy.

Thoratec (Pleasanton, CA) also offers both an intracorporeal 
(Thoratec® IVAD) and a paracorporeal (Thoratec® PVAD) VAD 
system. They both allow the option of right, left or biventricu-
lar support and are approved for use as a bridge to transplan-
tation and for support in the setting of postcardiotomy shock 
(Fig. 6). They provide pulsatile flow with a 65 ml blood chamber 
and unidirectional flow, achieved with tilting disk mechanical 
valves. The paracorporeal placement of the PVAD allows use in 
patients with BSAs of <1.5 m2 and has been used successfully 
in patients <0.8 m2. Both the intracorporeal and paracorporeal 
devices require systemic anticoagulation with warfarin.

Novacor Left Ventricular Assist System (LVAS) (World 
Heart  Inc., Oakland, CA) is a device that was first success-
fully used as a bridge to transplantation in 1984 and is FDA 
approved for this indication. It generates pulsatile blood flow of 
up to 9 L/ min. Unidirectional flow is achieved with bioprosthetic 
valves in both the inflow and outflow conduits and requires sys-
temic anticoagulation with warfarin. World Heart discontinued 
the distribution of the Novacor LVAS in 2008 and now focus 
their research efforts on newer-generation VADs.

Arrow LionHeart LVAD 2000 (Arrow International Inc., 
Reading, PA) is a totally implantable pulsatile VAD designed 
with the goal of destination therapy for patients in end-stage 
heart failure. Implantable components of the device include the 
actual titanium blood pump with inflow and outflow assemblies, 
motor controller, a compliance chamber and a transcutaneous 
energy transmission system.2 There are no percutaneous lines 
or connections, and recharging of the batteries is accomplished 
through a transcutaneous system with a wand overlying the 
recharging coil implanted under the skin. The pump has a stoke 
volume of 64 mL and generates pulsatile blood flow of up to 
8 L/min. Arrow discontinued the production of the LionHeart 
LVAD in 2005.

Second-Generation VADs

Second-generation pumps are mostly rotary axial flow pumps 
with bearings immersed in blood or that can deliver diminished 
pulsatile or continuous blood flow. These devices are in different 
stages of development, testing and clinical use.

Micromed DeBakey VAD (MicroMed Technology Inc., 
Houston, Texas) is an axial flow pump measuring only 3.0 cm in 
diameter and weighing 95 grams. The impeller/inducer is capable 
of generating flows of up to 10 L/min. Components of the pump 
include a titanium inflow cannula, a flowmeter, a Dacron outflow 
graft and a percutaneous cable that connects to a portable control 
console and battery packs.26 The rigid inflow cannula is inserted 
in the apex of the left ventricle and determines the position of 
the pump housing on the diaphragm during implantation. The 

pump designed for short-term, left ventricular support (Fig. 4). 
It is able to generate flows of up to 5 L/min, with the advantage 
of ease of implantation and minimal requirement for anticoagu-
lation. The device can be placed percutaneously using ECHO 
guidance and is designed for up to seven days use.14,15

First-Generation VADs

First-generation VADs deliver pulsatile blood flow and are mainly 
positive-displacement pumps (see Fig. 5).

HeartMate XVE (Thoratec Inc., Pleasanton, CA) is an elec-
trically vented unit with a portable control console and batteries. 
The pumping chamber uses 25 mm porcine valves in the inflow 
and outflow conduits, generates pulsatile flow with a stroke vol-
ume of 83 mL and a maximal output of 10 L/min. Due to the 
size and physical characteristics of the HeartMate XVE LVAD, 
patients undergoing implantation must have a body surface area 
of at least 1.5 m2. A unique feature of the device is the titanium 

Figure 2. TandemHeart percutaneous LVAD, permission for use granted 
by CardiacAssist, Inc.
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a magnetically suspended centrifugal pump that uses trans-
cutaneous energy transfer system technology to be totally 
implantable.35,36

Other devices in development and clinical trials that employ 
magnetic levitation technology include the Terumo Dura-
HeartTM (Terumo Heart Inc., Ann Arbor, MI),37 the CorAide 
blood pump (The Cleveland Clinic Foundation, Cleveland, 
OH)38,39 and the Heartware HVADTM (HeartWare Ltd., Sydney, 
Australia).40,41

VAD complications. Mediastinal bleeding following LVAD 
implantation is relatively common. Predisposing factors include 
hepatic congestion and dysfunction related to chronic heart 
failure, compromised nutritional status, the use of preoperative 
anticoagulation, extensive surgical dissection, reoperative proce-
dures, prolonged CPB and coagulopathy secondary to interac-
tions between circulating blood elements and the artificial device 
surfaces.42 Due to the requirement of systemic anticoagulation 
for many devices, as well as the routine use of aspirin as an anti-
inflammatory agent, late bleeding and tamponade can occur as 
well.

Infection remains a significant source of morbidity and mor-
tality in patients receiving mechanical circulatory support. In 
the REMATCH trial, the leading cause of death in patients 

device is currently in a redesign phase secondary to a high inci-
dence of thromboembolic complications.

Jarvik 2000 (Jarvik Heart Inc., New York, NY) is an electro-
magnetically actuated pump constructed of titanium measuring 
2.5 cm in diameter and weighing 90 grams. The impeller can 
generate maximum flows of 7 L/min. The actual pumping cham-
ber is implanted within the left ventricular chamber through the 
apex and the outflow graft is anastomosed to the ascending or 
descending aorta (Fig. 7). The pump implantation can be done 
through a left thoracotomy27 or a median sternotomy.

HeartMate II (Thoratec Inc., Pleasanton, CA) is an LVAD 
axial flow device that can generate flows of up to 10 L/min, 
weighs 176 grams and measures 40 mm in diameter (Fig. 8). 
Early clinical trials show very effective hemodynamic support 
with improved functional status and improved quality of life.28-30 
The HeartMate II was FDA approved in January 2010 for use 
as destination therapy in adults with heart failure. Over 4000 
HeartMate II devices have been implanted world-wide,85 making 
it one of the most frequently used and successful VAD’s in the 
current era.

Third-Generation VADs

Presently, over 20 new ventricular assist devices are either in 
development or in investigational use. These newer-generation 
devices try to address the shortcomings of current device tech-
nology, such as thromboembolic complications, device-related 
infection and limited durability. Many third-generation devices 
make use of magnetic levitation technology, in which a rotating 
impeller is magnetically suspended within a column of blood, 
obviating the need for contact-bearing moving parts. This pro-
vides the theoretical advantage of enhanced long-term durability. 
Continuous flow pumps are also smaller in size, allowing easier 
implantation with less surgical trauma and potentially decreased 
infectious complications. Advances in energy systems have also 
allowed for totally implantable devices without the need for per-
cutaneous lines.

Incor® LVAD (Berlin Heart AG, Berlin, Germany) is a mag-
netically-actuated axial flow pump that weighs 200 grams and is 
3 cm in diameter. An impeller that is held in place by a magnetic 
bearing creates flow, and the impeller is not in contact with any 
other parts. It is capable of producing flow of up to 7 L/min.31

VentrAssistTM left ventricular assist system (Ventracor Inc., 
Foster City, CA) is a centrifugal pump that has a hydrodynami-
cally suspended rotor as its only moving part. The design of the 
pump maximizes blood flow across all blood-contacting sur-
faces to avoid stasis and the potential for thrombus formation. 
The pump weighs about 300 grams and measures 2.5 inches in 
diameter.32-34

WorldHeart has a newer-generation LVAD in development 
and preclinical testing. The LevacorTM VAD (World Heart Inc., 
Oakland, CA) is a magnetically levitated centrifugal pump 
designed for either bridge-to-transplantation or destination 
therapy.

Thoratec is also in the process of preclinical evaluation of 
the HeartMate III (Thoratec Inc., Pleasanton, CA), which is 

Figure 3. Bicaval implant technique. For RVAD support, the body of 
the right atrium is cannulated away from the superior and inferior 
vena caval anastomoses. Outflow from the RVAD is to a graft cannula 
sewn to the main pulmonary artery (PA). The graft is placed just distal 
to the pulmonary valve but proximal to the anastomosis between the 
donor and recipient PA. For LVAD support, the recipient left atrial cuff 
is cannulated adjacent to the right pulmonary vein, providing drainage 
to the pump. Outflow from the LVAD is to a graft cannula sewn to the 
recipient aorta just above the aortic valve (J Thorac Cardiovasc Surg 
2003; 126:442-447; Fig. 1).
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derangements. Overall infection rates in patients receiving 
devices have been approximately 50%,44,47 and up to 25% of 
deaths in LVAD patients are due to systemic sepsis.46,48

Thromboembolic events can lead to devastating neurologic 
and end-organ injury and remain a significant concern in patients 
undergoing mechanical device placement. In the REMATCH 
trial, the rate of neurologic events was 4.35 times higher than in 
the medically treated group, with 47% of such events being tran-
sient.8 All device patients are maintained on aspirin, mainly for 
its anti-inflammatory effect, and most devices presently require 
anticoagulation with heparin and warfarin. In addition, depend-
ing on the system used, many patients are maintained on anti-
platelet therapy with dipyridamole and clopidogrel.

receiving devices was sepsis, accounting for 20 of 52 deaths in 
this group.8  A subsequent analysis focusing on infection dur-
ing the REMATCH trial showed that freedom from sepsis in 
patients with an LVAD was 58% at 1 year and 48% at 2 years. 
The peak hazard for sepsis occurred within 30 days from implan-
tation.43 Infections in LVAD patients can affect different com-
ponents of the device. These include infections at the driveline 
exit site, device pocket infections, device endocarditis and blood 
stream infection.44 Bacteria that are able to form a biofilm are 
common pathogens, including staphylococcus, pseudomonas, 
enterococcus and candida.45,46 Other patient factors that may 
increase susceptibility to infection include generalized debilita-
tion and malnutrition, diabetes, renal failure and immunologic 

Figure 4. Impella recover microaxial LVAD (J Thor Cardiovasc Surg 2004; 127:812-22; Fig. 1A).

Figure 5. First-generation pulsatile devices. HeartMate LVAD (left), Thoratec pVAD (center) and Novacor VAD (right) (Curr Opin Org Transp 2009; 
14:554-9; Fig. 1).
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rotary blood pumps eliminate the need for venting gas from the 
system, resulting in a smaller diameter percutaneous driveline. 
Smaller caliber drivelines are believed to reduce the risk of infec-
tion, which is the most frequently occurring clinical adverse 
event associated with VADs.

Total Artificial Heart

In 1958, Domingo Liotta of Argentina began work on a fully 
implantable heart, and he presented a prototype of his artifi-
cial heart at the American Society of Artificial Organs in 1961. 
Liotta continued his work with Dr. Denton Cooley, and the two 
began testing their TAH in calves in 1969. Eventually, after 
several modifications, the Liotta TAH was ready for clinical 
testing. This was a pneumatically powered, double-chambered 
pump with Dacron-lined right and left inflow cuffs and out-
flow grafts. Hingeless valves controlled the direction of blood 
flow through the pump. The TAH itself was connected to a 
large external power unit.58 The first implantation of a TAH 
into a human was done by Cooley on April 4, 1969 in a 47 
year-old man who could not be weaned from CPB following left 
ventricular aneurysmectomy. The TAH performed adequately 
for 64 hours, pumping at 6 L/min,59 until transplantation; the 
donor heart also functioned well, but the patient died of pseudo-
monal pneumonia 32 hours after transplantation. Though the 
Liotta device performed as designed, it was never used clini-
cally again. The next artificial human heart implant was not 
performed for another 12 years.

In the summer of 1981, the Akutsu-III TAH was implanted 
into a patient after coronary bypass surgery complicated by 
postcardiotomy failure and ventricular fibrillation. This was 
a pneumatically driven pump, similar to the Liotta, but with 
refinements in material and valve design as well as an electrical 
monitoring system to follow rate, systolic durations and driveline 
vacuum pressures. The patient was sustained for approximately 

Right heart failure occurs in approximately 20% of 
patients undergoing LVAD placement.49 A recent series 
from Columbia University examined the incidence of right 
heart failure in patients with chronic CHF undergoing 
LVAD implantation.50 Right-sided circulatory failure was 
seen in 39%, with approximately 35% of those patients 
requiring implantation of an RVAD. Post-op right ven-
tricular failure has a significant effect on clinical outcomes, 
leading to increased ICU stay, increased 30 day mortality 
following LVAD implantation and a lower bridge-to-trans-
plantation rate.50-52

Right-sided circulatory failure can result from abnor-
malities in the right ventricle as well as in the pulmonary 
vascular bed. Preoperative factors include myocardial stun-
ning, ischemia, infarction, air embolism and arrhythmias. 
Changes in ventricular interdependence and septal shifting 
secondary to mechanical unloading of the LV can also con-
tribute to impaired right-sided function.53 In addition, pre-
existing right ventricular dysfunction may be unmasked 
secondary to the augmented preload presented to the 
right side following LVAD implantation.51 Improvements 
in medical management of RV failure have resulted in a 
decreased incidence of RVAD implantation.54,55 When RVAD 
support is necessary, improved clinical results have been demon-
strated by early implantation within 24 hours.74

Device failure and durability are critical factors in establishing 
mechanical support as a feasible option for providing long-term 
support and destination therapy. In the REMATCH trial, device 
failure was the second most common cause of death, after sep-
sis.44 While 1-year freedom from device failure and replacement 
was 87%, this dropped off to 37% by the second year.8,56

Device failure can occur in any of the components of the sys-
tem. These include the inflow and outflow conduits, the pumping 
chamber or the external components of the system, such as the 
driveline, power source or controller units. As clinical experience 
with individual devices accumulates, modes of failure that are 
amenable to design change become apparent, allowing for device 
modification and improvement. Design alterations during and 
since the conclusion of the REMATCH trial in the HeartMate 
LVAD include a bend relief to prevent outflow graft kinking, 
modification in the inflow assembly to facilitate valve replace-
ment and smaller size and greater compliance of the percutaneous 
driveline.56 Newer-generation axial and centrifugal flow pumps 
attempt to address the shortcomings of first-generation devices 
with smaller pumping chambers and drivelines, transcutaneous 
energy sources and the use of magnetic levitation technology to 
eliminate contact-bearing moving parts, offering the hope of 
enhanced durability.

Researchers have begun working toward eliminating or dras-
tically reducing the more common causes of device failures, 
decreasing size and weight, increasing efficiency and advancing 
several new concepts. These new concepts include non-blood 
contacting systems, biological augmentation and small volume 
centrifugal and axial flow pumps characterized by continuous or 
diminished pulse flow and blood-lubricated, plasma-lubricated or 
magnetically levitated bearings.57 By nature of their operation, 

Figure 6. Thoratec pVAD implant configurations allow for LVAD, RVAD and 
BiVAD support, reprinted with permission from Thoratec Corporation.
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clinical use in January 1991 because of inadequate compliance 
with FDA regulations,65 but in January 1993, the investiga-
tional device exemption was restored to what was now called the 
CardioWest TAH (Syncardia Systems Inc., Tuscon, AZ), which 
differed little from the original Jarvik-7 (Fig. 9A).

In the mid 1980s, artificial hearts were powered by dish-
washer-sized pneumatic power sources (Fig. 9B), and two size-
able catheters had to cross the body wall to carry the pneumatic 
pulses to the implanted heart, greatly increasing the risk of infec-
tion. To speed development of a new generation of technologies, 
the National Heart, Lung and Blood Institute opened a competi-
tion for implantable, electrically powered artificial hearts.

On October 15, 2004, the CardioWest became the first 
TAH to receive FDA approval. It is a pulsatile, pneumatically 
driven prosthetic pair of ventricles made of polyurethane, with 
Medtronic-Hall mechanical valves between chambers to main-
tain unidirectional flow. Each prosthetic ventricle has an air sac 
and a blood sac, and between the sacs is a four-layered polyure-
thane diaphragm. As air flows into the air sac, the diaphragm 
expands and provides a compression force against the blood sac 
and mimics cardiac systole. When the air sac is deflated, the dia-
phragm relaxes, and the blood sac fills with blood for diastole. 
The compressed air is provided by an external console that flows 
to the device via two intrathoracic ports, one port to each ven-
tricle. The external console allows for regulation of rate, systolic 
duration and driving pressures for each ventricle. The maximum 
stroke volume is 70 mL with a cardiac output >9 L/min.66 The 
CardioWest TAH has been used successfully in the US, Canada 
and France.66

6 hours until a donor heart became available for transplantation. 
However, the problem of infection and multiorgan failure, expe-
rienced with the Liotta TAH, led to the patient’s death 7 days 
post-op.58,60

In the late 1970s, Dr. Willem Kolff and his team at the 
University of Utah developed the Jarvik-7 TAH (Jarvik Heart 
Inc., New York, NY), and in 1982 Dr. William DeVries and col-
leagues successfully implanted the Jarvik-7 total artificial heart 
into a dying man.61,62 The Jarvik-7 was a pneumatically powered, 
biventricular pulsatile device that replaced the heart.61 In the ini-
tial clinical experience with the Jarvik-7, a total of five patients 
were permanently supported for periods ranging form 10 to 620 
days. The Jarvik-7 was able to adequately support circulation, but 
its large drive console and frequent medical complications lim-
ited patient activity, and long-term outcomes were poor. Patients 
supported for longer periods suffered several complications, 
including thromboembolism, stroke, infection and multi-organ 
failure.61,63

In 1985 the Jarvik-7 (renamed the Symbion) entered clini-
cal trials as a bridge to transplantation, and in 1986, Copeland 
reported the first successful use of this device for this indica-
tion.64 Between 1985 and 1991, approximately 170 patients were 
supported with the Symbion TAH as a bridge to transplant. The 
FDA withdrew the device’s investigational device exemption for 

Figure 8. Thoratec Heartmate II LVAD, reprinted with permission from 
Thoratec Corporation.

Figure 7. Jarvik 2000 LVAD, reproduced with permission from Jarvik 
Heart, Inc.
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Indications for implantation of a total artificial heart include 
irreversible biventricular heart failure, acute decompensation after 
cardiotomy, cardiogenic shock after acute myocardial infarction, 
stone heart, irreversible cardiac rejection, failed LVAD or BiVAD, 
decompensating heart failure with left ventricular thrombus, 
acquired ventricular septal defect, prosthetic or incompetent 
native aortic valve in cardiogenic shock or unresponsive ventricu-
lar arrhythmias.71 The AbioCor is only indicated in non-trans-
plant-eligible patients and uses a scoring system to determine 
eligibility.72 However, the respective devices generally share the 
same guidelines for TAH insertion.

TAH complications. Impediments to the widespread use 
and application of the TAH are related to several serious com-
plications. The most frequent complications are infection, severe 
post-op bleeding and thromboembolism.73-75 Potentially serious 
but less frequent complications are renal, hepatic, pulmonary 
and neurologic dysfunction and complications due to technical 
problems.75 Other complicating factors for its use include patient 
selection, device size, implantation timing and location, the need 
for extensive surgery at implantation and the reliability of sup-
port equipment.

Life-threatening infections have been the most important 
complication. In the Jarvik-7 experience, all patients supported 
for many months developed serious infections that eventually 
contributed to their deaths.76 Patients supported by a TAH for 
shorter periods while awaiting heart transplantation had infection 

In 2001, as part of an FDA-sponsored phase I clinical trial, 
surgeons in Louisville, KY performed the first implantation of the 
AbioCor TAH (ABIOMED Inc., Danvers, MA) in a 59 year-old 
man suffering from end-stage CHF.67 It is a self-contained, elec-
trohydraulic TAH that is fully implantable and communicates 
to external hardware without penetrating the skin. The device 
utilizes a transcutaneous energy transfer system and a radiofre-
quency communication system that allows it to be powered and 
controlled by signals transmitted across intact skin.68 A unique 
feature is a right-left flow-balancing mechanism that eliminates 
the need for an external vent or internal compliance chamber.69 
The thoracic unit (pump) weighs about two pounds and consists 
of two artificial ventricles, four valves and an innovative motor-
driven hydraulic pumping system (Fig. 10). A miniaturized elec-
tronics package implanted in the patient’s abdomen monitors and 
controls the pump rate, right-left balance and motor speed. In 
Phase I feasibility trials, 14 patients in five centers received the 
AbioCor as destination therapy. In these patients, thromboem-
bolism was a significant adverse event, and there were two pump 
failures, but device-related infections were relatively rare. Cardiac 
output from the device may reach 8 L/min with a stroke vol-
ume of 60 mL.70 The AbioCor replacement heart received FDA 
approval under a Humanitarian Device Exemption in September 
2006. It is approved for use in severe, biventricular end stage 
heart disease patients who are not eligible for heart transplant 
and have no other viable treatment options.

Figure 9. (A) CardioWest total artificial heart. (B) Implanted with Console (Ann Thorac Surg 1999; 68:698-704; Figs. 1 and 2).
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and is now an estimated 10 to 15%.73,74,78 Generally, heparin 
and warfarin are used as antithrombotic therapy, and aspirin or 
dipyridamole or both are also used.

Sizing and portability issues have also been significant prob-
lems. The AbioCor device is quite large, and in its current form 
it will only fit in approximately 50% of men, 20% of women and 
no children.

Pediatric VADs

Acute heart failure can occur in children as a result of hemo-
dynamic insults imposed on the heart by structural defects or 

rates of 30 to 40%.74,75 In the more recent bridge-to-transplant 
experience with the CardioWest TAH, the infection rate was no 
more than 20%.76,77

Post-op bleeding is a frequent and serious complication, occur-
ring in 40 to 50% of TAH or VAD recipients.73 Contributing 
factors include severe CHF and associated hepatic dysfunc-
tion, the extensive surgery and lengthy CPB time required for 
implantation and the necessity for postoperative anticoagulation 
therapy.

Thrombosis within the TAH is of particular concern. Five of 
the first six Jarvik-7 recipients suffered thromboembolic events. 
Frequency has decreased significantly since that initial experience 

Figure 10. (A) The AbioCor total artificial heart (TAH) implanted, reprinted with permission from Abiomed, Inc.  (B) AbioCor TAH components  
(J Thorac Cardiovasc Surg 2004; 127:131-41; Fig. 1).



60	 Organogenesis	V olume 7 Issue 1

100–500 per year in the US.83 Designing circulatory support 
devices for the pediatric patient is challenged by the wide range 
of patient size, the small size and fragility of the vasculature along 
with significant anatomic variations that may affect cannulation. 
Recognizing these limitations, the National Heart, Lung and 
Blood Institute solicited proposals to develop novel circulatory 
support systems for infants and children. The types of devices 
intended to be developed included left and right VADs, extra-
corporeal membrane oxygenation (ECMO) systems and other 
novel bioengineered systems for children ranging in weight from 
2 to 25 kg. The goals set for the ideal pediatric device included: 
(1) routine deployment and functioning in less than one hour 

in a structurally normal heart with myocarditis. When present, 
acute heart failure in children justifies aggressive therapy because 
of the high potential for complete recovery. Mechanical circu-
latory support devices have been used successfully as a bridge 
to recovery in children, especially in the management of acute 
fulminant myocarditis or postcardiotomy heart failure.57,80,81 
The use of these devices as a bridge to transplantation has also 
been shown to decrease waiting list mortality and improve the 
efficiency of organ utilization in children.82 However, current 
mechanical circulatory support options for infants and children 
are quite limited, especially with regard to size and duration of 
support. The devices currently available include the Berlin Heart 
EXCOR® (Berlin Heart GmbH, Berlin, Germany) the Medos 
HIA (MEDOS Medizintechnik GmbH, Stollberg, Germany), 
and the MicroMed Debakey VAD Child (MicroMed Technology 
Inc., Houston, TX).

The Berlin Heart EXCOR pediatric VAD was the first com-
mercially available ventricular assist system designed specifically 
for the pediatric population, with miniaturized pumps and spe-
cial cannula. It is a paracorporeally placed, air-driven pump in 
a polyurethane, translucent, semi-rigid chamber that houses the 
blood-contacting membrane. The blood pumps come in 10, 12, 
15, 25 or 30 mL stroke volumes (and adult sizes up to 80 ml) 
and offer support options for pediatric patients as small as 2.5 kg 
(Fig. 11). The pumps are driven by a pulsatile electropneumonic 
system and can be used as a right, left or biventricular device. The 
EXCOR has been widely implanted in European centers, and 
experience in the US is growing rapidly.

The Micromed Debakey VAD Child is a miniaturized elec-
tromagnetically actuated axial flow pump that is fully implant-
able (Fig. 12). It provides nonpulsatile assistance for the heart 
through continuous unloading of the left ventricle. This device is 
currently the only VAD that is FDA approved for children 5–16 
years of age with a BSA between 0.7 and 1.5 m2. It is approved 
as a bridge to transplantation for patients with end-stage heart 
failure who are refractory to medical therapy.

The Medos HIA VAD is similar to the Berlin Heart VAD. It is a 
pulsatile VAD, pneumatically driven with a pump chamber made 
of polyurethane and is available in many sizes from 10 to 80 mL. 
It can also be used in a right, left or biventricular configuration.

It is estimated that the number of children that might ben-
efit from support with ventricular assist devices ranges from 

Figure 11. Berlin Heart EXCOR VAD for pediatric and adult use, reprinted with permission from Berlin Heart, Inc.

Figure 12. MicroMed Debakey CHILD LVAD, courtesy of  
www.micromedcv.com.
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rotary flow device capable of simultaneously 
pumping blood and providing oxygenation. 
The device rotor is fabricated from layers 
of microporous hollow fibers that include 
a custom coating to both increase fiber life 
and minimize requirements for systemic 
anticoagulation.

The Pediatric Jarvik 2000 (Jarvik Heart 
Inc., New York, NY) is an axial-flow blood 
pump designed to support patients in all size 
ranges (3 to 25 kg) (Fig. 13). These devices 
will be implanted in the LV apex with the 
pump totally in the LV chamber as with the 
adult Jarvik 2000.

The Penn State Pediatric Ventricular 
Assist Device (PVAD) is a pulsatile, 
pneumatically actuated blood pump. It is 
intended primarily for paracorporeal place-
ment but will also be implantable for bridge 
to transplantation applications. It will be 
available in two sizes with stroke volumes 
of 12 and 25 ml. It can be used for left, 
right or biventricular support for up to 6 
months.

Conclusion

The advancements in mechanical circulatory support have been 
remarkable over the last fifty years. This initial progress laid the 
cornerstone of open heart surgery through use and refinement of 
the heart-lung machine and paved the way for the development of 
ventricular assist devices and the total artificial heart. The quality 
and quantity of life for heart failure patients worldwide are now 
being improved by the use of cardiac assist devices as a bridge to 
heart transplant or myocardial recovery, and more recently, as a 
destination therapy. Miniaturization of these devices now prom-
ises similar support for treatment of heart failure in the pediatric 
population. Future trends in the development of newer devices 
will predictably include: further miniaturization of pumps for 
increased implantability and biventricular support, use of less 
thrombogenic materials to reduce the need for anticoagulation, 
improved pump durability by refinements in design, materials 
and the use of newer technologies, increased use of transcutane-
ous energy systems to avoid the need for drive lines exiting the 
body, use of improved and miniaturized energy sources to allow 
heart failure patients to live more “untethered” and unrestricted 
lives and, ultimately, the further development of a durable, reli-
able and totally implantantable device for effective long-term 
replacement of the human heart.

after the decision to initiate support, (2) low priming volume, 
(3) flexible cannulation suitable for abnormal anatomy, (4) mini-
mal blood product exposure, (5) minimal risk of infection, bleed-
ing, hemolysis and thrombosis and (6) suitability for long-term 
support (6 months).84 The following five projects were awarded 
contracts and are currently in development.

The PediaFlowTM VAD (LaunchPoint Technologies Inc., 
Goleta, CA) is an implantable, magnetically suspended mixed-
flow turbodynamic blood pump that is being designed and 
developed to provide chronic (6 months) circulatory support to 
patients from birth to 2 years of age (3 to 15 kg body weight) 
with congenital or acquired heart disease. The device is based 
on rotary blood pump technology, has a single percutaneous lead 
crossing the skin for energy transmission and may be used as a 
right, left or biventricular device.

The PediPumpTM (Foster-Miller Technologies, Albany, NY) 
is a magnetic, bearing-supported, rotary dynamic circulatory 
support pump designed specifically for children. There will be 
two configurations for deployment based on patient size, with 
intravascular implantation in larger children and extravascular, 
intracorporeal implantation for smaller children.

The Pediatric Cardiopulmonary Assist System (pCAS) (Ension 
Inc., Pittsburgh, PA) can deliver both continuous and pulsa-
tile flow. The system is based around a compact, paracorporeal 

Figure 13. Pediatric Jarvik 2000 LVAD, used with permission from Jarvik Heart, Inc.
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